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Edited by Jesus AvilaAbstract To examine how c- and e-cleavages of b-amyloid pre-
cursor protein (APP) are related, each cleavage site was replaced
with a stretch of Trp that cannot be cleaved by c-secretase.
Replacement of the c- or e-site signiﬁcantly suppressed secretion
of amyloid b-protein (Ab), and produced longer Ab or longer
APP intracellular domain, respectively. This cleavage at the
midportion between c- and e-sites was also c-secretase-depen-
dent. Blocking this cleavage with a Trp stretch remarkably sup-
pressed Ab generation, indicating that the midportion cleavage is
required for the generation of Ab.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Amyloid b-protein (Ab), a causative molecule of Alzheimers
disease (AD), is derived from b-amyloid precursor protein
(APP), through sequential cleavages by b- and c-secretases
[1]. The former produces b-carboxyl-terminal fragment
(bCTF) from APP, which in turn is cleaved by c-secretase, gen-
erating not only Ab via c-cleavage, but also APP intracellular
domain (AICD) via e-cleavage. Each cleavage generates two
major species of the product, with c-cleavage providing
Ab40 and Ab42, and e-cleavage providing AICD49-99 and
AICD50-99. The latter positions are analogous to the site 3
for cleavage of Notch [2–5]. We recently found that, when
Ab42 secretion is enhanced, the proportion of AICD49–99 is
increased, suggesting that c- and e-cleavages are closely related
[6]. Because of this correlation, we have asked in the present
study what would happen by blocking one cleavage or the
other with a stretch of tryptophan (Trp).Abbreviations: Ab, amyloid b-protein; AD, Alzheimers disease; APP,
b-amyloid precursor protein; AICD, APP intracellular domain; bCTF,
b-carboxyl-terminal fragment; CHO, Chinese hamster ovary; mt,
mutant; PS, presenilin; TMD, transmembrane domain; TOF MS, ti-
me-of-ﬂight mass spectrometric; Trp, tryptophan; WT, wild-type APP
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2.1. Stable tranfectants
The pcDNA 3.1() vector (Invitrogen) containing APP751 cDNA
was transfected to Chinese hamster ovary (CHO) cells by Lipofect-
amine 2000 (Invitrogen). The cells stably expressing wild-type APP
(WT) or mutant (mt) APP were selected with G418 (Calbiochem).
Gw cells were further transfected with D385A PS1 cDNA in
pcDNA 3.1/Zeo() and cultured in the presence of zeocin (Invitro-
gen).
2.2. Immunoprecipitation of Ab
The conditioned media of the cells cultured for 6 h were incubated
with 4G8 (Senetek) and protein G–Sepharose (Amersham) overnight.
Ab collected from media or cell lysates was separated on 16.5% acryl-
amide Tris/Tricine, SDS gel or 10% acrylamide Tris/Tricine, SDS/urea
gel (containing 8 M urea), and subjected to western blotting with 6E10
(for assessing total Ab; Senetek). The intensities of the ECL signals
were quantiﬁed using the LAS-1000plus luminescent image analyzer
(Fuji Film). The amounts of Ab produced were normalized against
the levels of full-length APP, which were quantiﬁed using monoclonal
antibody 6E10.
2.3. Cell-free assay and mass spectrometric analysis of AICD
The membrane suspensions after incubation at 37 C for 30 min [6]
were separated into the soluble and membrane-bound fractions. The
latter was resuspended in RIPA buﬀer (20 mM Tris–HCl, pH 7.6,
150 mM NaCl, 5 mM EDTA, 1% Triton X-100, 1% sodium deoxycho-
late, 0.1% SDS, and 1 mM Na-p-tosyl chloromethyl ketone), heated for
10 min, and cleared by centrifugation. The supernatant was immuno-
precipitated with C4, and subjected to matrix-assisted laser desorption/
ionization time-of-ﬂight mass spectrometric (MALDI-TOF MS) anal-
ysis using AutoFLEX ver. 2.0.2 (Bruker Daltonics), as described
previously [3].
2.4. Identiﬁcation of longer Ab using SDS/urea gel
The membrane-bound fractions were dissolved in RIPA buﬀer,
heated, and centrifuged. The pellet was dissolved in Tris–urea–SDS
buﬀer (50 mM Tris, pH 7.6, 8 M urea, and 1% SDS) and incubated
at 37 C for 1 h, followed by brief centrifugation. The supernatants
were diluted with RIPA buﬀer (minus SDS), and immunoprecipitated
with BAN052 [7]. Collected Ab was applied to a 9% acrylamide SDS/
urea long gel (pH 8.9, 25 cm). Various mutant Abs were synthesized
using an automated peptide synthesizer (ABI 433A, Applied Biosys-
tems, Foster City, CA). The western blots were probed with 82E1 that
is end-speciﬁc for N-terminus of Ab [8].3. Results and discussion
Thus far there have been a number of studies on the cleavage
characteristics of c-secretase using artiﬁcially engineered
mtAPPs, which have clearly shown that c-secretase hasblished by Elsevier B.V. All rights reserved.
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mutations or insertion of certain sequences in APP cannot
block the cleavage by c-secretase [9–12]. Mutations within
the transmembrane domain (TMD) sometimes break the
transmembrane structure, leading to release of even entire mol-
ecules from the membrane. Replacing the e-cleavage site of
APP with a Gly stretch (residues 49–52) or substitution of
Leu-49 by Pro [5] brought a signiﬁcant decrease in Ab produc-
tion, but a fraction of full-length APP was found to be released
into the conditioned medium (see supplementary material).
During the course of the present study, one of us (TS) noted
that c-secretase seems to skip two serially aligned Trp and can-
not cleave three or more aligned Trp residues. This is possibly
because Trp has a bulky indole ring, and its stretch cannot en-
ter the pocket of the active site of c-secretase. Trp-mtAPPs de-
signed for the present study were not secreted into the medium
and judged to be exclusively membrane-bound (see supplemen-
tary material). In addition, it is known that Trp does not break
the a-helix [13].
Length of TMD of APP was kept unaltered by this
replacement (see Fig. 1A). A couple of softwares (see [14])
predicted that these artiﬁcially engineered mtAPPs have the
same length of TMD as does WT, starting at Gly-29 and
ending at Leu-52.
When the e-cleavage site was substituted by a stretch of Trp
(residues 48–52; Ew cells; Fig. 1A), Ab secretion substantially
decreased to 22.9 ± 8.7% (when normalized against the expres-
sion level of APP; Fig. 1B), as compared with WT cells (Fig.
1C). On the other hand, when the c-cleavage site was substi-
tuted by a stretch of Trp (residues 40–43; Gw cells; Fig. 1A),
Ab secretion greatly decreased to 9.8 ± 7.4% of that fromFig. 1. Production of Ab by the cell lines expressing WT, Ew, and Gw. (A) Se
(Ew) is replaced by a Trp stretch. Arrows indicate c- and e-cleavage sites. Num
WT, Ew, and Gw cells. The same protein amounts of the cell lysates were subj
of WT, Ew, and Gw cells. Ab immunoprecipitated from the media was subjec
urea gel (lower panel). Ab is discernible in the medium of Ew cells, but not i
in the conditioned medium of Gw cells, and longer Ab accumulated in the
Ab38-43.WT cells (when normalized against the expression level of
APP; Fig. 1B and C). As expected, Gw cells secreted neither
Ab40 nor Ab42, but only a very small amount of Ab38 (Fig.
1C; see also Fig. 3A and D). Instead, longer Ab accumulated
within Gw cells (Fig. 1C).
According to the cell-free assay, WT membranes produced
Ab and AICD of expected sizes (Fig. 2A). In contrast, Ew
membranes produced a very small amount of Ab at 4 kD,
and two diﬀerent sizes of AICDs (Fig. 2A). A smaller AICD
at 6 kD presumably come from endogenous hamster APP
(see supplementary material), while a larger one should be
from Ew. Gw membranes already contained relatively high
levels of longer Ab even before incubation (Fig. 2A). Seem-
ingly, Gw membranes did not produce signiﬁcant amounts
of the longer Ab during incubation, but produced moderate
amounts of AICD at 6 kD (Fig. 2A). A small amount of
longer Ab produced may have been hidden by preexisting
longer Ab.
The membrane suspensions after incubation were sepa-
rated into soluble and membrane-bound fractions. The longer
AICD derived from EwAPP was recovered exclusively in
the membrane-bound fraction (Fig. 2B). MS analysis gave a
signal for AICD46–99 that should contain ﬁve successive
Trp residues at the positions 48–52 (observed, 6713.3;
calculated, 6711.6; Fig. 2B). For Gw cells, two major signals
representing AICDs50–99 and 49–99 were detected
(Fig. 2B).
The longer Ab in the Gw membrane fraction was found
insoluble in RIPA buﬀer (Fig. 2C). The immunoprecipita-
tion/western blotting using SDS/urea long gel revealed that
longer Ab consisted of Ab44 and Ab45 by carefully comparingquences of WT and Trp mtAPPs in which the c- (Gw) or e-cleavage site
bers follow the Ab numbering. (B) The expression levels of APP in the
ected to western blotting with 6E10. (C) Ab in the media and cell lysates
ted to western blotting with 6E10 using SDS gel (upper panel) and SDS/
n their lysates. Ab (Ab38, see also Fig. 3A and D) is barely discernible
ir cell lysates. CHO, non-transfected cells; Std Ab, authentic Ab40 or
Fig. 2. Identiﬁcation of longer Ab in Gw cells and longer AICD in Ew cells. (A) The membrane suspensions, before and after incubation, were
subjected to western blotting with 6E10 for Ab (left panel) and C4 for AICD (right panel) using SDS gel (16.5% acrylamide). WT membranes before
incubation contained Aß46 (upper band) and Ab40 (lower band). An arrow indicates longer Ab in the Gw membranes, while arrowheads indicate
two AICDs produced by the Ew membranes. (B) MS analysis of AICD produced. AICDs (arrows) were separated into soluble (sup) and membrane-
bound (pellet) fractions. Asterisks represent non-speciﬁc signals. Endo indicates endogenous (hamster APP-derived) AICD (see supplementary
material). (C) Identiﬁcation of the longer Ab. The membranes prepared from Gw cells were treated with RIPA. R-sup and R-pellet indicate RIPA-
soluble and -insoluble fractions, respectively (left panel, SDS gel). Longer Ab in the R-pellet was solubilized and immunoprecipitated, followed by
western blotting with 82E1 using an SDS/urea long gel (right panel). Std Ab, authentic Ab40 or Ab46-49; Ab44-48www, mutant Ab44-48, each of
which has a Trp stretch in the positions 41–43, migrate faster on an SDS/urea gel than does each corresponding authentic Ab.
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Together, these ﬁndings indicate that the Trp mtAPP mole-
cules designed to prevent c- or e-cleavage are cleaved at the
midportion between c- and e-sites, generating either longer
Ab or longer AICD, respectively.The membrane-bound longer Ab in Gw cells appears to
be closely related to Ab38 that is secreted in the medium.
Sulindac sulﬁde reduced the levels of longer Ab in the lysate,
and enhanced the secretion of Ab38 apparently in a recipro-
cal manner (Fig. 3A and B). With increasing dosage of
Fig. 3. (A and B) Gw cells were treated with various concentrations of sulindac sulﬁde for 6 h, and the levels of secreted Ab38 in the media (A) and
those of longer Ab in the lysates (B) were quantiﬁed by western blotting with 6E10 using SDS/urea gel (A) and SDS gel (B), respectively. (C and D)
Gw cells were treated with various concentrations of L-685,458 for 6 h. The cell lysate (C) and 4G8-immunoprecipitate from the medium (D) were
subjected to western blotting with 6E10 using SDS gel (C) and SDS/urea gel (D), respectively. Arrows in (B) and (C) indicate the position of longer
Ab. (E) Longer Ab (arrow; detected with 6E10 using SDS gel) is undetectable in the lysate of D385A PS1-trasfected Gw cells. Bar, S.D. (N = 3) for A,
B, and C.
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tectable (Fig. 3C), and secreted Ab38 disappeared (Fig. 3D).
Similarly, the longer AICD in Ew cells became no longer
detected by addition of the inhibitor (data not shown). Fur-
thermore, the overexpression of D385A mtPS1 [16] abol-
ished the generation of longer Ab in the Gw cell lysate
(Fig. 3E). These data strongly suggest that these midpor-
tion-cleavages producing longer Ab and longer AICD are
mediated by c-secretase.
Finally, a small stretch of Trp was substituted for the
midportion, residues 45–47 (GEw; Fig. 4A). Surprisingly,
this caused a dramatic decrease in Ab in the lysate as well
as in the conditioned medium of GEw cells (to
11.8 ± 3.0%, as compared with WT cells; Fig. 4B), whichwas to the similar extent observed for Gw cells
(9.8 ± 7.4%). Consistent with this, the cell-free system using
GEw membranes barely produced Ab, but only a small
amount of AICD (Fig. 4C).
The replacement with a stretch of Trp appears to have some
artiﬁcial eﬀects on the cleavage sites located adjacent to the mu-
tated site. For example, GEw provided the same AICDs as WT
does but in diﬀerent proportions (Fig. 4D). In addition, Gw led
to the generation of Ab44 and Ab45, which contrasts with the
accumulation of Ab46 within the DAPT-treated WT cells
[17,18].
Nevertheless, the above data on GEw cells strongly sug-
gest that the cleavage at the midportion (most likely equiv-
alent to f cleavage [17]), several residues downstream of
Fig. 4. Eﬀects of a Trp stretch in the midportion between the c- and e-cleavage sites. (A) Sequences of WT, and GEw having a Trp stretch in the
midportion, residues 45–47. (B) Ab in the media (left panel) and cell lysates (middle panel) was separated on SDS gel. Expression levels of APP in WT
and GEw cells, detected with 6E10 (right panel). (C) Cell-free assay (for 20 min) for production of Ab and AICD. Produced Ab and AICD were
detected with 6E10 (right panel, SDS gel) and C4 (left panel), respectively. (D) MS analysis of AICD. Representative spectra for AICD from the WT
and GEw membrane-bound fractions are shown. Asterisks indicate non-speciﬁc signals.
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thus presumably for the c-cleavage. Because GEw cells pro-
duced AICD, one cannot say from the present data alone
that e-cleavage follows the midportion cleavage. Regarding
the signiﬁcance of e-cleavage for the Ab generation further
study would be needed.
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